The molecular basis of the low-pH activation of the helicase encoded by the hepatitis C virus (HCV) was examined using either a full-length NS3 protein/NS4A cofactor complex or truncated NS3 proteins lacking the protease domain, which were isolated from three different viral genotypes. All proteins unwound RNA and DNA best at pH 6.5, which demonstrate that conserved NS3 helicase domain amino acids are responsible for low-pH enzyme activation. DNA unwinding was less sensitive to pH changes than RNA unwinding. Both the turnover rate of ATP hydrolysis and the K m of ATP were similar between pH 6 and 10, but the concentration of nucleic acid needed to stimulate ATP hydrolysis decreased almost 50-fold when the pH was lowered from 7.5 to 6.5. In direct-binding experiments, HCV helicase bound DNA weakly at high pH only in the presence of the non-hydrolyzable ATP analog, ADP(BeF 3 ). These data suggest that a low-pH environment might be required for efficient HCV RNA translation or replication, and support a model in which an acidic residue rotates toward the RNA backbone upon ATP binding repelling nucleic acid from the binding cleft.
INTRODUCTION
Hepatitis C virus (HCV) non-structural protein 3 (NS3) is a multifunctional enzyme with two distinct activities (1) . The N-terminal portion of NS3 is a serine protease involved in viral polyprotein processing, and the C-terminal NS3 portion is an RNA helicase with possible roles in translation and viral RNA synthesis. Since both these activities are critical for HCV replication (2) , the NS3 protein has been studied in depth as a target for rational antiviral drug design. Structural and mechanistic studies focusing on HCV NS3 has led to the development of the first specific HCV protease inhibitors currently in clinical trials (3) . However, despite an abundance of data, precisely how the NS3 helicase moves along RNA or unwinds a double helix is still not clear.
The purpose of this study is to examine the effect of pH on HCV helicase. Several previous studies have indicated that HCV helicase might be most active at a low pH, and the nature of this activation could highlight key protein features critical for unwinding. Because NS3 is one of the best-studied members of a broad class of enzymes called DExH/D box proteins (4) , which itself is only a small part of helicase superfamily 2 (5), the resulting insights could also help to explain how such proteins move along, unwind and re-arrange RNA molecules. Several proteins related to HCV helicase also have been reported to be most active at low pH, including the Rad3 helicase encoded by Saccharomyces cerevisiae (6) . Rad3 is the yeast homolog of the human xeroderma pigmentosum group D (XPD) repair helicase that is part of the transcription factor IIH complex. Mutations in XPD have been linked to Xeroderma pigmentosum, Cockayne Syndrome and Trichothiodystrophy (7) .
Numerous structural studies using X-ray crystallography (8) (9) (10) (11) and NMR (12, 13) have revealed that the portion of NS3 comprising the helicase forms a three-domain Y-shaped molecule. Only domains 1 and 2 are similar to those seen in other helicases, and they contain several conserved motifs characteristic of superfamily 2 helicases. Domain 3 is a novel domain composed primarily of a-helices. The HCV helicase likely unwinds a double helix by moving along one strand in a 3 0 to 5 0 direction while separating it from the complementary strand. ATP, which fuels strand separation, most likely binds in a cleft between domains 1 and 2, and one strand of the double helix binds in the cleft that separates domains 1 and 2 from domain 3 (9) . In the absence of ATP, NS3 helicase tightly grips single-stranded RNA (ssRNA) (or DNA) with one key residue in domain 3, Trp-501, stacking like a bookend between nucleic acid bases (9) . ATP binding appears to allosterically modulate the affinity of HCV helicase for nucleic acid so that the helicase releases RNA to move along the helix. Most present models speculate that the closure of the cleft between domains 1 and 2 upon ATP binding and its opening upon hydrolysis or ADP release allow HCV to move on RNA like an inchworm (9, 14, 15) .
In support of the inchworm model, when the HCV helicase binds the non-hydrolyzable ATP analog ADP(BeF 3 ), it binds DNA weakly, but precisely how much weaker is still not clear. Whereas Levin et al. (15) reported that the HCV helicase binds ssDNA over 100-fold less tightly in the presence of ADP(BeF 3 ) (15) , other studies using different recombinant NS3 proteins have observed only a 5-10-fold decrease in ssDNA affinity upon ADP(BeF 3 ) binding to HCV helicase (14, 16) . Below, we show that this apparent difference is due to the fact that the studies were performed at a different pH. Furthermore, we show that the increased affinity for ssDNA in the presence of ATP at low pH allows HCV helicase to unwind nucleic acids more rapidly at a low pH. This effect is more dramatic when RNA is used as a substrate, and consequently, RNA is only unwound at low pH whereas HCV helicase retains some DNA helicase activity at physiological pH. Because the NS3 protease domain and NS4A protease cofactor do not eliminate this low-pH requirement, the fact that HCV helicase requires an acidic environment to unwind RNA could have important implications in the viral life cycle.
MATERIALS AND METHODS

Reagents
RNAase-free reagents were purchased from Ambion Inc. (Austin, TX), and RNA oligonucleotides were from Dharmacon (Lafayette, CO). 3-(Cyclohexylamino)propane sulfonic acid (CAPS), N-Tris(hydroxymethyl)methylglycine (TRICINE), Tris, MOPS, PIPES and morpholinoethane sulfonic acid (MES) buffers were each prepared at the same ionic strength and treated with RNAsecure reagent (Ambion) prior to use. DNA oligonucleotides were obtained from Integrated DNA Technologies (Corralville, IA). Beryllium fluoride was from Alfa Aesar (Ward Hill, MA). The truncated NS3 helicases (His-Hel, Hel-His and His-Hel-His) were purified to apparent homogeneity as described previously (16, 17) . The purified full-length His-NS3-4A complex was a gift from Dr Baohua Gu (The Jefferson Center of Biomedical Research) and was purified as reported previously (16) .
Unwinding assays
To generate substrates for helicase assays, two synthetic oligonucleotides were annealed by heating them to 95 C and allowing them to cool slowly to room temperature. Before annealing, the shorter strand was 32 P-labeled using polynucleotide kinase. The DNA substrate consisted of a shorter DNA oligonucleotide 5 0 -[ 32 P]GCC TCG CTG CCG TCG CCA-3 0 annealed to a longer DNA oligonucleotide 5 0 -TGG  CGA CGG CAG CGA GGC TTT TTT TTT TTT TTT TTT  TT-3 0 . The duplex RNA substrate consisted of the RNA oligonucleotide 5 0 -[ 32 P]GCC UCG CUG CCG UCG CCA-3 0 annealed to the oligonucleotide 5 0 -UGG CGA CGG CAG CGA GGC UUU UUU UUU UUU UUU UUU UU-3 0 . The DNA or RNA substrate (1 nM) and 100 nM HCV helicase were incubated in reaction buffer (25 mM buffer, 3 mM MgCl 2 and 0.1% Tween-20) for 15 min. Reactions were initiated by the addition of 5 mM ATP, terminated with EDTA and analyzed by non-denaturing PAGE as described previously (14, 16, 17) .
Single turnover unwinding reactions were performed like the standard reactions except that 1 mM excess unlabeled short DNA oligonucleotide (5 0 -GCC TCG CTG CCG TCG CCA-3 0 ) was added as an enzyme trap at reaction initiation. Data were fit to a pseudo-first-order rate equation to determine (k obs ) and reaction amplitude. In other words, the percentage of unwound DNA (%U) at various times (t) was fit to Equation 1 by non-linear regression.
ATPase assay
Reactions were performed at 37 C in 25 mM buffer, 3 mM MgCl 2 , 0.2% Tween-20, ATP at indicated concentrations and helicase. Data obtained in the absence of nucleic acids were fit to the Michaelis-Menten equation by non-linear regression to calculate K m (basal) and k cat (basal). Data obtained in the presence of 2 mM poly(U) RNA were fit to the MichaelisMenten equation by non-linear regression to calculate K m (stim.) and k cat (stim.). To determine the constant K NA , defined as the concentration of nucleic acids that supports a half maximum rate of catalysis, reactions were performed in the presence of 4 mM ATP with various concentrations of poly(U) RNA (average length 2500 nt) or dT20 DNA (5 0 -TTTTT TTTTT TTTTT TTTTT-3 0 ). Data were fit to Equation 2, where v o is the initial rate of ATP hydrolysis, [NA] is the nucleic acid concentration (expressed in total nucleotide concentration) and [E] T is the total enzyme concentration (expressed in moles of protein monomer).
Fluorescence-based nucleic acid binding assay
Aliquots of DNA were added to the helicase in 2 ml of 25 mM MOPS at the indicated pH, 3 mM MgCl 2 and 0.2% Tween-20 at 25 C. Fluorescence was measured by exciting the sample at 280 nm and reading the emission at 340 nm with a Varian Carey Eclipse fluorescence spectrophotometer. After correcting data for dilution and inner filter effects, fractional fluorescence F NA was calculated by dividing the fluorescence values by the initial fluorescence of the protein in the absence of DNA. F NA was fit to the total concentration of added dT20 oligonucleotide ([NA] T ) using an equation accounting for ligand depletion:
In 0 -diphosphate (mantADP)-BeF 3 -helicase complex was monitored using fluorescence resonance energy transfer (FRET) as described previously (15) . A solution containing 0.5 mM HelHis, 3 mM MgCl 2 , 0.2% Tween-20, 25 mM MOPS-NaOH, 5 mM NaF and 0.5 mM BeF 2 was titrated with mantADP. FRET was monitored by exciting the sample at 280 nm and the emitted light was monitored at 443 nm. After subtracting background fluorescence in the absence of mantADP, the data were fit to Equation 4:
In Equation 4 , K D is the dissociation constant for enzyme and mantADP, [A] T is total mantADP, [E] T is the total helicase, F F is the fluorescence coefficient for free mantADP and F C is the fluorescence coefficient for the mantADP(BeF 3 )-helicase complex.
Magnesium binding assay
The FRET observed in a helicase-mantATP complex was also used to analyze the pH dependence of Mg 2+ binding to HCV helicase. Solutions containing 0.5 mM Hel-His, 2 mM mantADP, 0.2% Tween-20, 25 mM MOPS-NaOH, 5 mM NaF and 0.5 mM BeF 2 were titrated with MgCl 2 . Because magnesium concentrations far exceeded both enzyme and mantADP concentrations, dissociation constants for Mg 2+ were calculated by fitting a plot of FRET versus magnesium concentration to Equation 5 , where F max is the maximum possible FRET and K D is the dissociation constant.
RESULTS
Several research groups have reported that HCV helicase unwinds DNA and RNA most rapidly around pH 6.5 but functions markedly slower below pH 6 or above pH 7 (19) (20) (21) (22) . However, several other groups have reported that the HCV helicase works best at a more neutral pH (23, 24) . Similarly, whereas Suzich et al. (25) originally reported that ATP hydrolysis catalyzed by NS3 in the presence of poly(U) RNA peaks at pH 6.5, others have reported very different results (26, 27) . To clarify this situation, and more thoroughly analyze the effect of pH on HCV helicase, several different assays were performed with various buffers within their buffering capacity. The assays were repeated using either an NS3-NS4A complex (designated His-NS3-4A) or truncated NS3 proteins in which the protease was replaced by an N-terminal His-tag, designated (His-Hel and His-Hel-His) or a Histagged helicase which lacks any remnant of the protease (Hel-His). The purification and characterization of these proteins were recently described in (16, 17) . The assays were performed with so many different proteins because we recently showed that the full-length protein with its NS4A cofactor unwinds RNA better than truncated versions (16) , and it is possible that pH influences the full-length NS3 somewhat different from that has been reported previously. In addition, since the histidines used in the fusion tag could affect the results, the experiments were repeated using proteins in which the His-tag was placed in very different locations [for details see Figure 1 of (16)]. As a separate control, the His-tag was removed from His-NS3-4A using thrombin digestion. The digested NS3-4A protein was then separated from the His-tag (and residual His-NS3-4A) using immobilized metal ion affinity chromatography. Although similar pH profiles were obtained with the NS3-4A protein, the resulting data are not reported here because the digested protein lost $50% of its activity and appeared to be partially degraded.
In addition to the above proteins, which were all isolated from the H77c strain of HCV genotype 1a (16, 17) , the assays were repeated with analogous Hel-His proteins isolated from the genotype 1b HC-J4 [Hel-His (genotype 1b)] and the HCV genotype 2a infectious clone HC-J6 [Hel-His (genotype 2a)]. We wanted to determine if distinctive pH profiles are conserved properties because some variation in helicase activity has been observed among the HCV genotypes (17) .
The first assays that were performed were designed to identify an appropriate buffer system to study the pH profile of the HCV helicase. In these experiments, DNA unwinding was observed under conditions where no re-annealing occurs (1 nM substrate and 100 nM helicase for 0-10 min at 23 C). DNA was used as a substrate initially because, in general, it is unwound faster than RNA by HCV helicase and thus provides a more sensitive assay. Typical results obtained for each recombinant HCV helicase protein are shown in Figure 1 . The HCV helicase functions best near pH 6.5, and its activity rapidly decreases above pH 7. The protein is also buffer sensitive, and among the buffers tested, MOPS was clearly preferred. Since the MOPS buffers also span a biologically relevant pH range, from cellular pH to the pH of optimal activity, we decided to more rigorously analyze the activity of full-length HCV helicase (His-NS3-4A) and truncated NS3 containing only the helicase domain (His-Hel, Hel-His and His-Hel-His) in MOPS buffers.
Effect of pH on HCV NS3-mediated RNA unwinding RNA unwinding was measured using a duplex RNA with a 3 0 single-stranded poly(U) tail. Each assay contained 1 nM RNA substrate and 100 nM of either His-NS3-4A or His-Hel. Reactions were terminated at various times and the amounts of dissociated products were determined using non-denaturing PAGE. Under these conditions, no RNA re-annealing occurs because the excess enzyme molecules trap the dissociated strands (14) . As was reported by others (19) (20) (21) (22) , both enzymes unwound RNA the fastest at pH 6.5, and unwinding rates fell rapidly when pH was lowered (in reactions in MES or PIPES buffers) or raised (in reactions in MOPS buffers). Figure 2 shows that the HCV helicase is indeed a low-pH activated RNA helicase and that the residues responsible for this low-pH activation reside in the helicase portion of the NS3 protein. The full-length NS3-NS4A complex (His-NS3-4A) unwinds almost 30 times slower above pH 7.5, than at pH 6.5, and at pH 7.0 RNA is unwound 5 times slower than it is at pH 6.5 ( Figure 2A ). The NS3-4A protease appears to somewhat lessen the effect of pH on RNA unwinding. When the experiment in Figure 2A was repeated with HisHel, the fastest rates of RNA unwinding were again observed at acidic pH (6.25-6.5), but this time almost no unwound RNA could be detected above pH 7.0 ( Figure 2B ). The ability of His-NS3-4A to unwind faster than His-Hel likely results from the ability of the protease domain to aid processive RNA unwinding (16) .
DNA unwinding catalyzed by HCV NS3 is less sensitive to pH than RNA unwinding Even though there is no known DNA stage in the replication cycle of HCV, it is well established that HCV helicase unwinds DNA better than the corresponding RNA duplex (14, 17, 28) . In fact, at pH 6.5 (37 C), if DNA unwinding is measured using a DNA substrate bearing the same sequence as the RNA duplex (except with U's replacing T's), then the entire duplex would be unwound in <1 min (14, 16) . Therefore, to analyze the effect of pH on DNA unwinding, the reactions described in Figure 2 were repeated with a DNA duplex using the same MOPS buffers at 23 C, where the reaction is slower. When compared with RNA unwinding, DNA unwinding was also affected by pH but to a lesser extent (Figure 3) . Again, the rate of unwinding was fastest in MOPS buffers and was at its peak between pH 6 and 6.85. Reactions performed with His-NS3-4A in MOPS buffers are shown in Figure 3A , and the same reactions with His-Hel are shown in Figure 3B . Increasing pH reduced DNA unwinding rates. However, at pH 7.68, His-Hel still unwound DNA at one-fourth the rate seen at the pH optimum ( Figure 3B ), whereas the more efficient His-NS3-4A retained $50% of its activity ( Figure 3A ). An analysis of the initial reaction rates ( Figure 3B ) reveals that the optimal pH range for both proteins is from 6.25 to 6.85. As seen in RNA helicase assays, the pH profile of DNA unwinding catalyzed by His-NS3-4A and the pH profile of His-Hel catalyzed DNA unwinding are similar.
The above unwinding reactions were performed under conditions where the amount of enzyme greatly exceeded the amount of substrate. Such conditions were necessary because the excess enzyme traps displaced single-stranded oligonucleotides preventing them from re-annealing. In addition, if the enzyme falls from the substrate before unwinding is complete, then another enzyme can bind the substrate and complete the reaction. Thus, although these 'multiple-turnover' conditions provide a sensitive assay system, they could mask subtle differences in reaction rates. Therefore, the DNA unwinding reactions were repeated under 'singleturnover' conditions, where 1 mM of 'trap' oligonucleotide (with the same sequence as the shorter substrate strand, but lacking a radiolabel) was added at reaction initiation. The trap oligonucleotide acts to sequester excess enzyme that is not initially bound to the substrate when the reaction is started. These experiments were performed with His-NS3-4A, HisHel and three different Hel-His enzymes isolated from three different HCV genotypes. The results of the single-turnover assays performed with His-Hel and the three Hel-His enzymes are shown in Figure 3C and demonstrate that DNA unwinding, like RNA unwinding is exquisitely sensitive to pH. When the data are fit to a first-order rate equation (Equation 1 ), the final reaction amplitude is clearly lower at higher pH ( Figure 3C ). Because helicases isolated from three different HCV genotypes behave similarly, this low-pH activated helicase activity appears to be evolutionarily conserved. Differences in final reaction amplitudes reached at different pH could result from either differences in ATP hydrolysis, ATP binding or DNA binding. These ideas are tested below.
Effect of pH on HCV NS3-mediated ATP hydrolysis
Because ATP hydrolysis catalyzed by HCV helicase fuels unwinding, one might reasonably expect that rates of ATP hydrolysis in the presence of RNA to depend on pH like the helicase activity. Some studies have previously reported such an effect (25, 26) , but other studies have reported that nucleic acid-stimulated ATP hydrolysis catalyzed by HCV helicase is less dependent on pH (21, 22) . Generally, most studies that measure the pH dependence of rates of HCV helicase catalyzed ATP hydrolysis in the absence of nucleic acids agree that basal ATPase rates are less pH sensitive than either RNA unwinding or nucleic acid-stimulated ATP hydrolysis (25, 26) .
The above studies suggest that ATP hydrolysis, like unwinding, might be low-pH activated, but the reason for this activation is unclear. The activation could be due to variation in one (or more) of the five steady-state kinetic parameters that describe helicase catalyzed ATP hydrolysis. The first two of these parameters, k cat (basal) and K m (basal), describe the turnover rate of ATP hydrolysis in the absence of nucleic acid and the concentration of ATP supporting half that rate. The second two parameters, k cat (stim.) and K m (stim.), are the first-order rate constant describing the maximum rate of nucleic acid-stimulated ATP hydrolysis and the concentration of ATP supporting half this maximum rate. The fifth kinetic constant, K NA , is defined as the concentration of nucleic acid that supports half of the maximum rate of stimulated ATP hydrolysis. Using techniques described previously (17), we determined each of these constants in various buffer systems that covered the pH range from 5 to 10.
When ATPase assays were performed with either His-Hel, Hel-His or His-NS3-4A, similar pH profiles were again obtained with all three proteins. The results obtained with His-Hel are shown in Figure 4 . The initial rates of [g-32 P]ATP hydrolysis by His-Hel were measured in reactions that contained various amounts of ATP. The data were fit to the Michaelis-Menten equation to obtain a basal K m and a k cat . In the absence of RNA or DNA ( Figure 4A ), HCV helicase hydrolyzed ATP at similar maximum rates between pH 6 and 10. Under these conditions, the turnover rate for His-Hel was between 2 and 4 s À1 , and the K m for ATP ranged from 2 to 10 mM. The turnover rate for His-NS3-4A varied $1.5 s À1 , with a K m for ATP that ranged from 200 to 300 mM. Below pH 6, HCV helicase hydrolyzed ATP somewhat slower, and above pH 10 hydrolysis rates slowed considerably ( Figure 4A ).
When the same ATP titrations were repeated in the presence of saturating amounts (2 mM total nucleotide concentration) of poly(U) RNA (average length 2500 nt), His-Hel hydrolyzed ATP about 30 times faster ( Figure 4B) . Again, hydrolysis rates were similar between pH 6 and 10, with a k cat of $60 s À1 and a K m that varies randomly from 200 to 400 mM. The full-length protein His-NS3-4A was stimulated less than His-Hel [as was reported previously (16) ], but had a virtually identical pH profile as His-Hel. The first-order rate constant describing His-NS3-4A stimulated catalyzed ATP hydrolysis ranged from 10 to 15 s À1 and the K m of ATP under stimulated conditions was consistently $1.5 mM.
The data in Figure 4 show that HCV helicase catalyzed ATP hydrolysis is not pH-dependent in the same manner as RNA unwinding. Although k cat (basal) almost doubled, k cat (stim.) did not increase as pH was lowered from 7.5. However, very different results were obtained when ATPase assays were performed in the presence of sub-optimal levels of RNA (or DNA). Under such conditions, ATP hydrolysis was much faster at low pH because the rates of ATP hydrolysis were dependent not only on ATP binding, but also on nucleic acid binding. As shown in Figure 5 , the parameter K NA , which depends on nucleic acid binding and its release, is highly pH-dependent. A lower K NA suggests that the protein binds nucleic acids more tightly. As pH falls, so does K NA , with the tightest binding occurring in low pH buffers. Both K DNA , measured using a poly(T) oligonucleotide ( Figure 5A) , and K RNA , measured using poly(U) RNA (Figure 5B ), fell dramatically when pH was lowered from 7.5 to 6.5; K RNA was more influenced by pH than K DNA ( Figure 5C ). K RNA of His-Hel decreased by $48-fold, while K DNA decreased 20-fold. When the same nucleic acid titrations were repeated with His-NS3-4A, both K RNA and the K DNA again decreased significantly when pH was lowered from 7.5, although values were difficult to precisely measure because ATP hydrolysis catalyzed by the full-length protein was only stimulated $10-fold (16).
Effect of pH on the interaction between the HCV NS3 and DNA
The above analysis of the effect of pH on HCV helicase catalyzed ATP hydrolysis suggests that nucleic acid binding is highly pH-dependent, and at low pH, RNA and DNA bind more tightly. However, measurements of the kinetic constants, K DNA and K RNA , do not truly reflect the affinity of the protein for DNA or RNA, because they depend not only on nucleic acid equilibrium binding and release, but also on the rates of helicase translocation and ATP hydrolysis. In order to analyze the pH dependence of the interaction between NS3 and nucleic acids directly, the equilibrium dissociation constant (K D ) describing DNA-helicase binding was determined as a function of pH. The assay that was used exploits the ability of DNA to quench the intrinsic protein fluorescence of HCV helicase (14, 18, 29) . To measure the affinity of His-Hel for DNA, HisHel was titrated with increasing concentrations of a dT20 ssDNA oligonucleotide while monitoring intrinsic protein fluorescence. As shown in Figure 6A , virtually identical results were obtained in all MOPS buffers (pH 6.5-7.68). The resulting K D s, which were calculated by fitting the data to Equation 3, varied from 1.2 to 2.9 nM (Figure 6A insert) . When the titrations were repeated using the shorter RNA oligonucleotide used in unwinding assays, again only minor differences in K D s were observed (data not shown). In both cases, however, there was a slight trend toward weaker binding at high pH, but the K D values were within experimental error, which encompassed the range of K D s obtained from repeat titrations. The data must also be cautiously interpreted because a concentration of protein (>30 nM) much higher than the apparent K D (<2 nM) was needed to accurately measure intrinsic protein fluorescence, and it is therefore possible that these assays are not sensitive enough to measure differences in binding affinities in this pH range. Nevertheless, the K D s obtained from direct binding experiments ( Figure 6A ) do not directly parallel the K NA s obtained from ATPase assays ( Figure 5C ).
Why might K NA be pH-dependent if the K D for helicase and DNA is not pH-dependent? The difference between the two experiments was that when K NA was determined, saturating amounts of ATP were present, whereas the K D was determined in the absence of ATP. It is possible that ATP affects the pH dependence of DNA binding. To test this hypothesis, the above binding experiments were repeated in the presence of ADP(BeF 3 ), which was recently shown to bind HCV helicase like a non-hydrolyzable ATP analog (15) . As shown in Figure 6B , in higher pH MOPS buffers, a substantially increased amount of DNA was required to quench fluorescence when ADP(BeF 3 ) was present in the solution. When the data were fit to Equation 3 to determine the dissociation constant, it was clear that K D increased by a magnitude comparable to that seen in the ATPase assays (compare Figure 5C with Figure 6B insert) . Unfortunately, it was not possible to repeat these titrations with the full-length protein because of added background fluorescence arising from the protease domain (16) . Therefore, as a control, these titrations were repeated with two other truncated NS3 helicases, one where the His-tag is placed on the C-terminus (Hel-His), and another with His-tags at both the N-and C-termini (His-Hel-His). It is possible that titration of the histidines caused the increase in DNA affinity. This is likely not the case, because all fusion proteins were similarly affected by pH increases in the presence of ADP(BeF 3 ) (data not shown).
Effect of pH on the binding of a Mg
2+ mantADP(BeF 3 ) complex to HCV helicase Based on the above data, it appears that the main reason that the HCV helicase unwinds duplex nucleic acids better at low pH is because it binds more tightly to nucleic acids under low-pH conditions. It is also possible that this activation could be due to better interaction with ATP, but the above kinetic analysis of ATP hydrolysis suggests that neither turnover rate nor K m is influenced when pH is lowered from 7.5. On the other hand, K m values may not appropriately measure helicase affinity for ATP because there is yet no direct evidence that HCV helicase and ATP are in a state of rapid equilibrium. Therefore, we decided to examine the effect of pH on the affinity of ATP for HCV helicase using direct binding experiments. Recently, Levin et al. (15) showed that FRET could be used to monitor the binding of the fluorescently labeled non-hydrolyzable ATP analog mantADP(BeF 3 ) to HCV helicase. This is possible because mantADPabsorbslight nearthe tryptophanemissionwavelength. FRET can be observed in a HCV helicase-mantADP(BeF 3 ) complex by exciting the sample at 280 nm while monitoring fluorescence emission at 440 nm. To estimate the affinity of HCV helicase for ATP, the various helicases described here were titrated with mantADP. In each case, no significant difference in the affinity of MantADP(BeF 3 ) were observed in the various MOPS buffers utilized. As shown in Figure 7A , there was a slight trend toward tighter binding at high pH but these small differences were within experimental error, which includes the range of K D s obtained from repeated titrations.
As was originally reported by Levin et al. (15) , the FRET observed in Figure 7A is dependent absolutely on the presence of BeF 3 ; mantADP binds the enzyme very weakly. BeF 3 is believed to coordinate like the gamma phosphate of ATP as has been seen in structures of other enzyme such as nucleoside diphosphate kinase (30) . When a solution containing mantADP, HCV helicase and NaF is titrated with beryllium, FRET is hyperbolically dependent on beryllium concentration in a manner that a dissociation constant of $25 mM can be determined (15) . We have repeated beryllium titrations with the proteins and buffer described here and again, the binding of beryllium is pH-independent (data not shown). In addition to requiring beryllium, formation of the helicase-mantADP(BeF 3 ) complex (as determined by FRET), also requires magnesium, which most likely helps position BeF 3 with the phosphates of mantADP. Therefore, we used FRET to examine the affinity of Mg 2+ in this complex. A solution containing HCV helicase, mantADP, NaF and BeF 3 was titrated with MgCl 2 , and FRET was recorded. As shown in Figure 7B , Mg 2+ binds 3.5-fold more weakly when pH is lowered from 7.6 to 6.25. Thus, there may be a subtle effect of pH on ATP binding, but this effect is at least an order of magnitude less than the effect of pH on DNA binding to the helicase. It is possible that the presence of ssDNA could amplify this pH effect on ATP binding. Unfortunately, we could not test this hypothesis because ATP binds less tightly in the presence of DNA, and consequently, no FRET could be observed between helicase and mantADP in the presence of ssDNA.
DISCUSSION
Although the precise role of HCV helicase in viral replication is not clear, the protein most likely unwinds base-paired viral RNA during translation or replication. Our results suggest that this activity might be very sensitive to changes in local cellular pH. The fact that low-pH activation of helicase is conserved among HCV genotypes also highlights its importance. The three Hel-His enzymes studied here share only $85% of their amino acids and none of the dozens of amino acid differences influence the protein's pH profile. Furthermore, although it is possible that the interaction of HCV helicase with other viral or cellular proteins will abrogate its low-pH requirement, the presence of the protease domain and the NS4A cofactor only somewhat enhances RNA unwinding at neutral pH. Below, we speculate on how the virus might exploit the pH sensitivity of the HCV helicase, and how the data presented here could help to explain how HCV helicase moves along RNA molecules.
It is usual for cellular pH changes to play key roles in viral lifecycles. For example, when influenza virus enters a cell through endocytosis, it is activated only when pH is reduced in late endosomes. When this happens, the viral M2 protein allows protons to pass into the virion, where the change in pH activates the influenza replication complex. The antiviral drug amantadine binds the M2 protein to block proton flow and halt influenza replication. Although there is no direct evidence yet that HCV enters cells via a similar pathway, perhaps it is not simply a coincidence that amantadine has shown some clinical efficacy in HCV patients (31) .
Since there is no way yet to cultivate HCV in vitro or in any organism other than the chimpanzee, the role of pH changes in HCV replication is not examined easily. Studies with HCV replicons have nevertheless provided some evidence that our in vitro results might be relevant in vivo. When HCV RNA is translated in cultured cells, NS3 assembles with other viral non-structural proteins on the endoplasmic reticulum (ER) (32) . HCV proteins expressed from replicons modify ER membranes to create a web (33, 34) , which protects viral RNA from nuclease digestion (35) . Similar to related ssRNA viruses, this membranous web complex might then progress through the Golgi apparatus to eventually bud from the cell. The pH in the ER is typically $7.2, the pH of the Golgi is $6.4 (36) and HCV replication complexes have been detected in both these organelles (37, 38) . Our data suggest that HCV helicase might be most active in the Golgi, where it might unwind duplex RNA to package one strand in the virion. It is also interesting to note that, like the influenza M2 protein, HCV p7 protein can form an ion channel in an artificial bilayer system (39) , which can be blocked by the drug amantadine (40) .
It should also be noted that the pH optimum of the NS3 protease is quite different from that of the helicase. The fulllength NS3-4A complex studied here has an optimal protease activity at pH 8.0, and pH changes in either direction result in significant loss of protease activity (41, 42) . It is possible that even though the protease and helicase functions reside within the same protein, each is active at a different stage of the HCV replication cycle depending on the local pH environment. In a similar manner, we also note here that RNA unwinding is more sensitive to pH increases than DNA unwinding. This means that NS3 effectively unwinds DNA under conditions where it is unable to unwind RNA. It is noteworthy that under certain conditions, the NS3 protein has been detected in the nucleus (43) where it could influence host gene expression (44) . Our data reveal that a low-pH environment would not be necessary for HCV helicase to unwind host DNA.
The molecular basis of HCV helicase low-pH activation can be explained by the model described in Figure 8 , which proposes that the protein exists in two basic conformations and the transition between the two states is regulated by ATP binding. When ATP is absent, the protein tightly binds RNA, and when Figure 8 . Acid activation of the HCV helicase. HCV helicase unwinds RNA (and DNA) near pH 6.5 with the enzyme reaching $50% activity at pH 7. Between pH 6.5 and 7.5, the affinity of an enzyme-ATP complex for RNA increases by almost 100-fold. In this range, the affinity of the enzyme for ATP or ssDNA varies <3-fold. This simple model explains the data by suggesting that an acidic side chain, with a pK a near 7, which is not in contact with ssDNA in the absence of ATP, rotates near RNA upon ATP binding. At low pH, the protonated polar side chain would repel RNA enough to allow translocation and processive unwinding. At higher pH, the negatively charged side chain would repel RNA so strongly that RNA is released and the processive reaction is terminated. Although only a single acidic side chain is noted on the diagram, it is clearly possible that multiple acidic residues work in concert to produce this effect.
ATP is present, the protein binds more loosely and slides along DNA. Our data reveal that at low pH the helicase-ATP complex binds nucleic acids significantly (50-fold) more tightly than it does at higher pH. This suggests that an ionizable side chain (or several side chains) with a pK a of $7, which is normally not in contact with RNA in the absence of ATP, rotates into the RNA binding cleft upon ATP binding. In Figure 8 , this is diagramed as the rotation of an acidic side chain, which in its negatively charged state would repel the protein from the phosphate backbone of RNA (or DNA). It is also possible that a basic amino acid that is neutral above pH 7 gains a proton, and is subsequently positively charged at low pH. We chose to depict a negatively charged amino acid because a positively charged residue might attract the RNA and prevent the helicase from translocating. Rotation of a polar uncharged residue, on the other hand might still provide enough dipole repulsion to push the helicase along RNA. Such a propulsion mechanism would also explain the propensity of HCV helicase to move only in a 3 0 to 5 0 direction along a single-stranded nucleic acid chain (45) .
The model in Figure 8 depicts the HCV helicase moving along RNA as a monomer for simplicity, and because there is no direct structural evidence yet that the protein forms a dimer or higher order oligomer alone or in the presence of short oligonucleotides (9, 46) . It should be noted, however, that there is accumulating biochemical evidence that several HCV helicase monomers assemble on nucleic acid chains longer than 10 bases (15, 16, 47, 48) . We envision that the other protein subunits in such a helicase assembly could act to catch RNA that is inadvertently released upon ATP binding. A similar idea was recently used by Levin et al. (49) to explain the ability of HCV helicase to unwind substrates more efficiently with longer ssDNA tails better than similar substrates with short tails.
Any protein could conceivably use the method depicted in Figure 8 to travel along a nucleic acid template. By rotating negatively charged amino acids toward the negatively charged backbone of DNA or RNA, the resulting electrostatic repulsion could propel the protein. If the protein is tightly clamped to DNA, then this propulsion mechanism could be used effectively at any pH where the acidic residues are negatively charged. Since there are no evidences that HCV helicase encircles RNA like the so-called 'ring' helicases (50) , it is possible that this propulsion technique only works well for HCV helicase at lower pH, where the force would be smaller. Although this 'propulsion-by-repulsion' model is speculative, it is simple and predictive. If the critical negatively charged residues are changed, then both enzyme-catalyzed unwinding and its pH profile should be altered. We intend to test this model using site-directed mutagenesis to alter charged amino acids that are located in the RNA binding cleft of the HCV helicase.
